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I. INTRODUCTION
Integrated optical circuits have vast potential for use as sensing and
3 signal processing elements in future Army fire control systems. One of
the requirements for these systems is 24 hour/all weather operation. In
order to meet this requirement, the Army has been emphasizing systems
which operate at longer wavelengths, in particular, at the 10.6 micron
CO, laser line. Such systems, including CO, laser radars, miss-distance
sensors, and sensors for smart munitions form a natural area of application
for infrared integrated optical circuits. These circuits could be used to )
perform various functions including phased array transmission, heterodyne ‘
detection, parallel processing and optical correlation. In order to
perform these operations it is first necessary to develop efficient wave-
guides for confining the laser light.(1).

The simplest version of an optical waveguide is a planar structure with
an uniform dielectric constant (2). For an electromagnetic wave to be
guided in this structure, the dielectric constant must be larger than that
of the adjacent media. The guided wave will then propagate in a zig-zag
fashion within this structure undergoing total internal reflection at each
interface.

¢ There are two main problems with this type of optical waveguide. The
first arises from surface and interfacial irregularities that scatter
_ light out of the waveguiding region. This scattering can lead to large
. propagation losses and to poor signal/noise characteristics. The second
e is lack of phase coherence for modes of different order. This difficulty
- limits the use of such structures in multimode propagation and reduces the
information content that can be transferred. Similar problems have been
encountered with optical fibers used in communication systems and have led
to the development of Graded Index (GRIN) or Self-Focusing (SELFOC) fibers
(3). The refractive index of these fibers is no longer uniform but varies
according to a parabolic profile. Due to this index variation, light rays
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in the fiber are contained in a sinusoidal envelope. Since the light ray
never touches the interface, scattering losses from surface irregularities
are drastically reduced. Also, the index profile is adjusted to maintain
phase coherence for a wide range of propagating modes.

While such advances have been made in the fabrication of cylindrical
optical fibers, controlled index profiling has not as yet been achieved in
planar optical waveguides. The reason for this lies in the considerable
difficulty of introducing impurity atoms in a precise manner over a two
dimensional region of several square centimers.

Molecular beam epitaxy (MBE) is a vacuum deposition processing
technique (4) in which several different atoms or molecules can be deposited
producing a film with the same crystalline structure as the substrate
(epitaxial growth). MBE machines have been available for over a decade but
the quality of the deposited films has often been erratic. Recent progress
in vacuum technology has allowed the fabrication of high quality films in
a reproducible manner.

With modern MBE machines, it is also possible to grow multilayer pla-
nar structures in which the optical properties of individual layers can
be accurately controlled through electronic doping. Index tailoring of
this type can lead to novel electro-optical devices for use in integrated
optics and microelectronics., To effectively utilize the advantages of
multilayer structures for guided wave applications, it is necessary to be
able (o determine the optical waveguiding characteristics of such struc-
tures|,

\

In this report, experimental analyses of the electronic .ud optical

properties of a prototype+sing1e layer MBE¥waveguide are presented. A
polished (100) wafer of n -GaAs heavily doped with silicon was used as the
wave;g;de3substrate. The free carrier concentration was approximately

@3}0 /cm”,.  An epitaxial layer of n-GaAs lightly doped with tin was then

grown on the substrate. . ¥Ee-cgrr1er concentration of the epitaxial layer
was targeted to be!3-5x10"°/cm &«

Taxas )
I1. DIELECTRIC MODEL *O’V‘*‘{‘“' (o o ePl “rX
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The dependence of the refractive index on the carrier concentration

can be illustrated by a simple dielectric model in which the dielectric 0
function of GaAs is composed of Lorentz oscillator terms representing the r
lattice contribution (5) and a Drude term representing the depression of
the dielectric function due to the presence of the free carriers (6). In —
the spectral region between the band gap and the IR phonon resonance, the

dispersion due to the lattice contribution is much less than that due to '
the plasma. Thus, to good approximation, the dielectric function may be e
'°d!_'u_.._1
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written, in terms of wavenumber o, as

2
o}
n2(0) = K - —2 269 cnl « o « 2x10% cn”! (g
o(o + ig)
where KL}s the high frequency dielectric constant of GaAs, taken to be
10.73. ¢gIs related to the carrier concentration N through
p
Ne2
02 =
P (Zne)zm*eo (2)

where ¢ is the speed of light, e is the electronic charge, m* = ,08m_ is
the effective mass of electrons in GaAs, ande is the vacuum permittivity.

The damping factor, g, leads to losses and is®related to the mobility,u ,
of the material through

e
g:

(3)

2wcum#*

Neglecting losses, the increase in the refractive index at the substrate-

epilayer interface due to the carrier concentration difference is approxi-
mately

2

4n = 4)
2ng?

2, 2 X s . . :
where sg_ evaluated using the original carrier concentration N of the
substrhté ahd Nf is the carrier concentration in the MBE layer. S

1II. INFRARED REFLECTANCE

Prior to waveguiding experiments the optical properties of the MBE
sample were characterized by infrared reflectance measurements. Diffex-
ential reflictance measurements, made over the spectral range of 4000 cm '
to 1400 cm™*, yielded interference fringes typical of a thin film/subst-ate
structure, as illustrated in Figure 1. The interesting features of this
curve are the periodicity of the fringes and their increase in amplitude
as the measurement progresses to smaller wavenumbers. A first-order model
has been developed to aid in deducing the carrier concentration and the
thickness of the epitaxial layer from the reflectance spectrum. Basically,
losses are neglected and the layer is considered to be a film of refractive
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index n_sitting atop a substrate whose index has been depressed a small
amount §n by its higher concentration of free carriers. The reference
sample is considered identical to the substrate. Expanding the relevant
reflectance equations in a McLaurin series expansion to first order in An
and using equation (4) yields:

o) RZ.mple . 437 (1-Ng/Ng) (sin(2mengo) 2 ()
= = S
R%eference “f(“%'l) 4\4 -

From this analysis, it can be shown that the thickness of the epitaxial
layer can be determined by the location,o_, and order, m, of the fringe
minima, and the relative carrier difference, X, by the fringe amplitudes:

nf(n§-1)c2
R TC R RIE T R W i et S TS

2
°p,s

Table 1 presents ¥he reflectance data for the fringe minima located between
1400 and 3000 cm™* that appear in Figure 1. The order of each fringe is
identified by dividing its location by the average separation of the
fringes in the interval. Using a value of 3.28 =/K; for ng the thickness
of the epitaxial layer was calculated to be 11.45 microns with a standard
deviation of .03 microns. The low valve of the standard deviation is due
to the uniform periodicity of the reflectance fringes which in turn
implies that the epitaxial layer is optically homogeneous. The growth in
fringe amplitudes shown in Figure 1 is consistent with the electronic model
for the refractive index change. It can be seen from equation (5) that the
fringe amplitudes are proportional to (1-Nf/Ns). As this factor reaches
90% of its maximum valve for Nf = .1 Ns, the method is not suitable for
accurate determination of epilayer carrier concentrations which are more
than an order of magnitude lower than in the substrate.

IV. CV PROFILING

Since reflectance measurements can not determine relatively low
carrier concentrations, it is necessary to resort to electronic techniques
to measure Nf, One suitable method is that of capacitance voltage (C-V)
profiling. This technique is based on the principle that a Schottky
barrier (metal-semiconductor interface) formed on the surface of the
epitaxial layer will behave like a parallel plate capacitor. In this
picture one plate of the capacitor is formed by the Schottky barrier, the
other is formed by the free carriers within the epitaxial layer. As the
Schottky barrier is reversed biased, the free carriers in the epilayer are
repelled, causing the moveable "plate" to recess further into the epilayer
and resulting in a decrease in the measured capacitance. From measurements
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of the rate at which the capacitance C decreases as a function of bias
voltage V, the carrier concentration as a function of depth can be
determined. The equations that describe this measurement technique are

(7):

2 -1
eeeoA d 1

W =ee A/C(V) N(V) = | — (N

2 av ci(w)

Here ¢ is the low frequency dielectric constant, taken to be 12.5 for GaAs,
A is the area of the Schottky barrier electrode, and W is the depletion
width of the junction. If N is sufficiently low, then it is possible to
bias the junction such that the transition region between the epilayer and
the substrate can be profiled. The results of such a measurement, made

at IMHz with a gold Schottky barrier vacuum deposited through a stainless
steel mask, are shown in Figure 2. This curve indicates that the carrier
concentration is unifgrm ghroughout the epitaxial layer at a level of
approximately 1.6x10°°/cm”. The sharp rise in this curve at a depth of
10.89 micrometers represents the transition to the more heavily doped
substrate,

V. INFRARED OPTICAL WAVEGUIDING

Since the reflectance spectra and the CV profile support the approxi-
mation of a single dielectric film/substrate structure, the equations for

a planar asymmetric dielectric waveguide were used as the waveguide model:
(1,2)

kth%-(ﬁ/k)z - ¢f° - ¢, = mm

fs (8)
where k=2 1/ },, B/k=nfsin 8¢ and the phase angles are defined by:
(B/k)z-ni k!
TE _ . ™ 2 TE 9
tan ofi : tan °fi - (nf/ni) tan in 9

n3-(8/k)?

The subscript i refers to either the cover layer o or to the substrate s.
Equation (8) is the familiar eigenvalue condition which must be satisfied
for optical waveguiding to occur and is expressed in terms of the ratio
B/k. This factor can be interpreted as the effective refractive index
of the waveguide for each mode and is restricted to values between ng and
ne . Based on the dielectric model, these parameters are expected to be
2.64 and 3.28 respectively at 10.6 microns.

Infrared optical waveguiding was achieved in this sample using a 1 watt
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: CO,laser operating at 10,6 microns. The radiation was focused through an
‘ f—fo ZnSe lens on a dove shaped germanium prism which effected coupling
into and out of the waveguide. The emerging beam, totally internally
reflected from the base of the prism, was imaged as a spot on a thermo-
graphic screen. Waveguiding was identified by an absorption notch in the
reflected spot, indicating that radiation was removed from the incident
beam. Measurements of the angles at which synchronous coupling was
achieved were made for both s and p polarizations of the incident beam.

3 Experimentally, the TE modes were much easier to observe than the TM
modes. This is due to the greater amount of energy that can be coupled
into the modes. A total of eight modes, five TE and three TM, were
observed and Table 2 contains the experimental results. In principal,
the coupling data from any two of these modes can be qggd~t3 numerically f
invert the mode equations to obtain the refractive index and thickness of A
the epitaxial layer. Since there was a larger degree of uncertainty in the
T™ measurements listed in Table 2, only the TE coupling data were used for
this purpose. From these measurements, the refractive index of the epi-

3 taxial layer was calculated to be 3.27 with a standard deviation of .01

and the thickness to be 12,19 microns with a standard deviation of .23

-

microns.
é VI. DISCUSSION
The results of these three independent measurements are summarized in i

Table 3. In the IR reflectance and CV profiling measurements, it is
necessary to postulate a dielectric model for n-type GaAs in order to
relate the experimental data to the optical properties of the epitaxial
layer. The synchronous coupling experiments, however, provide a direct
determination of n _through the waveguiding equations. The excellent
agreement of the tﬁree determinations of R supports the validity of the
dielectric model, and indicates that the free carrier concentration is
the dominant mechanism responsible for the refractive index change.

The thickness determinations are also in good agreement, but are more
subject to systematic measurement errors arising in the different experi-
mental techniques. The IR reflectance determination was calculated from
a first order approximation to the exact mathematical expression for the
reflectance of a thin film-substrate structure, Hence, the absolute error
may be larger than indicated by the standard deviation. The C-V determi-
nation involves precise measurements of small values of capacitance and
the electrode area. Experimental uncertainties in these quantities limit
the overall accuracy of the thickness determination to 5%. Furthermore,
the optical thickness is determined by the depth at which the carrier
concentration rises from 10% to 100% of the substrate concentration. This
region was not completely probed in the current experiments. The
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synchronous coupling determination is again a direct measurement and may
be more representative of the actual thickness of the layer in spite of the
b larger standard deviation. Finally, it is possible that the transition

S & region from the MBE layer to the substrate will ultimately be shown to

have a carrier concentration gradient extending over a few thousand
Angstroms. This would lead to a graded index layer which would necessitate
data interpretation with more complex models than used here.

1 While molecular beam epitaxy is still an emerging technology, the

' present experiments show that it can be used tn form high quality CO,

laser waveguiding structures. The epitaxial layer examined in this study
displayed very uniform optical and electronic properties that can be relat-
ed to an elementary Lorentz-Drude dielectric model. These results substan-
tiate using this model to design more complicated graded index CO, wave-
guides through MBE.
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Table 1. IR REFLECTANCE DATA: GaAs MBE 8126

G m o /m
(cmgl) (cg‘l)
2925 22 132.95
2790 21 132.86
2655 20 132.75
2530 19 133,16
2390 18 132,78
2260 17 132,94
2135 16 133,44
1995 15 133.00
1865 14 133,21
1735 13 133,46
1605 12 133.75
1470 11 133.64

MODE

TE
.I.MO
[o]
TE
™!
1

TE2

™,

TEZ

™,

TE
4
TM4

Table 3. SUMMARY OF MEASUREMENT RESULTS:

CARRIER CONCENTRATION

(1/cm3)
Substrate (Manuf. Spec) 3,0x1018
Film-IR Reflectance <1x10/7

C-V Profile 1.6x10
Synchronous Coupling <1x1017

{micrometers)

11.
11.
11.
11.
11.
11.
11.
11.
11.
11.
11.
11.

Table 2. SYNCHRONOUS COUPLING DATA AT 10.6 MICRONS:

466
474
483
448
481
467
424
462
444
422
397
407

B/k

3.

[Z ¥

NN

GaAs MBE 8126

REFRACTIVE

IND
10.
2.64
3.28
3.28
3.27

249

.175
.173

.051
.038

.878
.847

.667

EX
6 um

.0

GaAs MBE 8126

THICKNESS

(um)

11.45% 03

10.89

12.19% .23
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DIFFERENTIAL REFLECTANCE SPECTRUM

GaAs MBE 8126
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CARRIER CONCENTRATION PROFILE
GaAs MBE 8126

108

107 |

1016 ¢

105 |

CARRIER CONCENTRATION (1/cm3)

101 S R 1 L

THICKNESS (MICRONS)

i
10.865 10.870 10.875 10.880 10.885 10.890
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